Abstract: Cadmium (Cd) has been identified as a significant pollutant due to its high solubility in water and soil and high toxicity to plants and animals. Rice, as one of the most important food crops, is grown in soils with variable levels of Cd and therefore, is important to discriminate the Cd tolerance of different rice cultivars to determine their suitability for cultivation in Cd-contaminated soils. This study investigates the primary mechanisms employed by four rice cultivars in attaining Cd tolerance. HA63 cultivar reduces Cd uptake by increasing Fe absorption through activation of phytosiderophores. T3028 cultivar accumulates the highest level of Cd in leaves while also activating its reactive oxygen species (ROS) scavenging system, including antioxidant enzymes and phytochelatins. In some rice cultivars (such as HA63), a cyanide-resistant respiration mechanism, important in Cd detoxification, was also promoted under the Cd stress. In conclusion, different rice cultivars may adopt different biochemical strategies and respond with different efficiency to Cd stress.
Introduction
Pollution, such as contamination of soil and water with toxic heavy metals, including Cadmium (Cd), represents a major worldwide environmental and human health risk. Plants have evolved mechanisms to avoid Cd toxicity such as internal detoxification processes or other physiological responses that could vary largely among different species or even cultivars, depending on genotypic and ecotypic differences (Lux et al. 2004; Solanki & Dhankhar 2011; Vatehová et al. 2012) . Plants can either accumulate or avoid absorbing heavy metals to tolerate the toxic metal stress. Instead, in the human body, Cd can accumulate over time as a result of ingestion of food containing Cd, leading to a risk of chronic toxicity following excessive toxin intake (Grant et al. 2008) . Rice (Oryza sativa) is one of the most important crops in the world and therefore, is important to identify the overall Cd tolerance of different rice cultivars and whether they are suitable for cultivation in Cdcontaminated soils. Physiological and molecular experimental evidence is needed to elucidate the mechanisms employed by rice plants upon Cd exposure.
Heavy metals are toxic to plants due to damaging effects on their respiratory and photosynthetic systems. Our previous work showed that respiratory and photosynthetic parameters could be useful indicators of plant's tolerance to heavy metals (Duan et al. 2010) . Using measurements of these parameters, in this study we identified the differences in Cd tolerance in four rice cultivars and explored the potential biochemical mechanisms responsible for these changes.
Recent researches indicated that the transcript levels of PCS (phytochelatin synthase), ABC (ATPbinding cassette), and YS (iron-phytosiderophore transporter) genes correlate with the levels of plant resistance to heavy metals (Cobbett 2000; Metwally et al. 2003; Eichhorn et al. 2006; Murata et al. 2006; Meda et al. 2007; Mendoza-Cozatl et al. 2008; Aoyama et al. 2009 ). Previous studies revealed that the synthesis of phytochelatins (PCs), glutathione derived metalbinding peptides, represents a major detoxification mechanism for Cd ions in various species (Cobbett 2000; Zhang et al. 2010a) . Moreover, PCs have also been implicated in long-distance transport of Cd in the phloem (Mendoza-Cozatl et al. 2008) . Members of the ABC transporter family are known to be involved in vacuolar sequestration of heavy metals (Li et al. 1997; Rea et al. 1998; Metwally et al. 2003; Eichhorn et al. 2006) . Based on the ability of phytosiderophores to chelate other heavy metals besides iron (Fe), they were proposed to act to prevent Cd toxicity in plants. (Murata et al. 2006; Aoyama et al. 2009 ). Furthermore, Meda et al. (2007) suggested that phytosiderophoremediated Fe acquisition could improve Fe uptake in the presence of Cd and thereby provide an advantage under the Cd stress. Regulation of phytochelatins, ABC transporters and phytosiderophores were therefore investigated here in four rice cultivars.
Plants also weave antioxidant enzymes to detoxify metal-stress induced damage (Sun & Lin 2010) . Through our studies we uncovered a phenomenon in which different rice cultivars adopt different biochemical strategies against Cd stress, some of which being really important for the adaptation of rice plants to metal stress.
Material and methods

Plant materials
Four rice (Oryza sativa L. japonica Group) cultivars (S17, HA63, T3028, S8258) were planted in an outdoor field located at a site provided by the Soil and Fertilizer Institute, Sichuan Academy of Agriculture Science, China. All seedlings were grown under natural conditions for two months, and then removed from the mud, washed with tap water and dried briefly with paper towels to remove excess surface water. Cd treatments were performed by submerging the roots of seedlings into Kimura B solution with 50 µM (Low Cd) or 250 µM (High Cd) CdCl2 for 15 days (Duan et al. 2010 ).
Determination of Cd content of plant tissues
Root and leaf samples were dried in an oven at 80
• C, then weighted and ground to a fine powder with a blender. After digestion with nitric acid (HNO3) (Zarcinas et al. 1987) , the Cd amount was determined using a flame atomic absorption spectrophotometer and expressed as a percentage of dry weight (Fassel 1978) . Standards and blanks were run with all samples for quality control.
Determination of photosynthetic and respiratory parameters
The respiratory oxygen consumption was measured using Clark-type electrodes (Hansatech, King's Lynn, UK) according to Genty et al. (1989) with little modification. Measurements were done at 25
• C in a final volume of 2 mL containing 25 mg of leaves in a cuvette that was tightly closed to prevent diffusion of oxygen from the air. The alternative pathway was inhibited with 2 mM n-propyl gallate. To inhibit the cytochrome pathway, 1 mM KCN was added. The optimal inhibitor concentrations were determined from a titration curve as explained by Møller et al. (1988) .
Gas exchange analysis was made using an open system (TPS-1, PP systems, Hitchin, UK) according to a protocol described by Yuan et al. (2007) 
) with a portable fluorometer (PAM-2100, Walz, Germany). Using both light and dark fluorescence parameters, we calculated: (1) the maximum efficiency of PSII photochemistry in the dark-adapted state, Fv/Fm; (2) the non-photochemical quenching (NPQ) = Fm/Fm' -1; (3) the quantum yield of PSII electron transport, ΦPSII = (Fm' -Fs)/Fm'; (4) the efficiency of excitation energy capture by open PSII reaction centres, Fv'/Fm' = (Fm' -Fo')/Fm'. All samples were dark-adapted for 10 min before chlorophyll fluorescence was determined.
Determination of water content, H2O2 levels and antioxidase activities The degree of Cd stress was measured as the relative water content (RWC) and expressed as the ratio of [(fresh massdry mass) / (water-saturated mass -dry mass)] × 100 (Du et al. 2011) .
For the antioxidase enzyme assays, 0.3 g of leaves were ground with 3 mL ice-cold 25 mM HEPES buffer (pH 7.8) containing 0.2 mM EDTA, 2 mM ascorbate and 2% Polyvinyl-pyrrolidone (PVP). The homogenate was centrifuged at 4
• C for 20 min at 12,000 g and the resulting supernatant was used for the determination of the enzymatic activity (Zhu et al. 2000; Cao et al. 2009 ).
The superoxide dismutase (SOD) activity was assayed following the method of Stewart & Bewley (1980) . The determination of peroxidase (POD) activity was followed by Egley et al. (1983) . The catalase (CAT) activity was measured using the method of Patra et al. (1978) . The ascorbate peroxidase (APX) activity was measured as ascorbate was oxidized (Nakano & Asada 1981) . The dehydroascorbate reductase (DHAR) activity was assayed by following the method of Nakano & Asada (1981) .
Comparison of transcriptional levels of PCS, ABC and YS genes Extraction of RNA and real-time PCR were performed according to Zhang et al. (2010b) and Du et al. (2011) . The cDNA was amplified by using SYBR Premix Ex Taq (TaKaRa). The amplification of the target genes was monitored every cycle by SYBR-green I fluorescence. The Ct (threshold cycle), defined as the PCR cycle at which a statistically significant increase of reporter fluorescence was first detected, was used as a measure for the starting copy number of the target gene. Relative quantitation of the target gene expression level was performed using the comparative Ct method. Rice ACTIN1 (Os04g0177600) gene was amplified with specific primers (forward: 5'-ATG CGA CAA TAC GAG TTA CAG G -3'; reverse: 5'-CAA GTG GGA ATG GTG GGT -3') as an internal control for the relative amount of RNA. The primers for PCS1 (Os05g0415200), PCS2 (Os06g0102300), YS1 (Os02g0649900) and YS2 (AK100148), ABCA1 (OsJ 29061), ABCA2 (Os08g0398300), ABCB1 (OsJ 16765), ABCB2 (OsJ 21472), ABCC1 (AB253626.1), ABCC2 (AB379845.1) genes were 5'-CCG AGC GGA AAG CAA CCA -3' and 5'-CGG CGA GAA ATG CCC TGT -3', 5'-ACC TCA TCT CCG TGT TCC A -3' and 5'-CAG TTG CGT CAT CAG TTG TAT T -3', 5'-GGA TTC GTC TAC ACC GTC AT -3' and 5'-GCA GTC CCA CTT GGA TAG G -3', 5'-TCG GAA AGT ATT TGA GCA T -3' and 5'-GCC ACA GCC GTA TGA GTT -3', 5'-GCT ATG TTC GGA TTC GTT -3' and 5'-CC TTT TCC TGT CCA GTA TG -3', 5'-GAG ATG CTG CTT GAA TAC G -3' and 5'-TAC TTC CCC ACT TGC TTA -3', 5'-CTT GAA CAG CGA CAG GTA -3' and 5'-GAG ATT GAG AAG AAG AGC C -3', 5'-ACG CAG GCG GAG TAG AGG -3' and 5'-TCA CAG AAC CCG ACA ATG -3', 5'-TGC CCG GAT TCC CAC TTC -3' and 5'-GTA TCG CAC GTT GTC AGC CAC -3', 5'-GTT CTG GCG GGA GTT CTT GG -3' and 5'-CAC CGT CTT GGC GTT GTC G -3' respectively.
Measurement of PCs and glutathione with HPLC
To determine the phytochelatin (PC) activity, the method of Vatamaniuk (2000) was followed with some modifications (Tennstedt et al. 2009 ). For RP-HPLC analysis, 450 mL volumes of rice leaf extracts were mixed with 5% 5-sulfosalicylic acid (w/v) and centrifuged. Aliquots (50-100 µL) of the supernatant were loaded onto an Econosphere C18, 150 3 4.6-mm reverse-phase column. The column was developed with a linear gradient of water, 0.05% (v/v) phosphoric acid, 17% (v/v) acetonitrile, 0.05% (v/v) phosphoric acid at a flow rate of 1 mL/min. For the quantitation of PCs, thiols were estimated spectrophotometrically at 412 nm by reacting aliquots (500 ml) of the column fractions with 0.8 mM 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB) 500 µL dissolved in 250 mM phosphate buffer, pH 7.6. Calibration was done with glutathione.
Statistical analysis
Experiments were carried out in triplicates and each experiment was replicated three times. The Mean values for the three triplicates were recorded. Student's t test was used for comparison between different treatments. A difference was considered to be statistically significant when P < 0.05.
Results
Cd accumulation in different cultivars of rice plants After 15 days of exposure to 250 µmol CdCl 2 , Cd accumulated considerably in plant roots, and only a small amount was transferred to the leaves (Table 1) . Amongst the four rice varieties, T3028 had the highest Cd content in the leaves and the lowest in roots indicating that a large part of the absorbed Cd was transferred to the leaves (about 30% of total absorbed cadmium vs 4-10% in other cultivars). HA63 had the lowest level of Cd in its leaves, and also roots, suggesting that HA63 was a Cd-excluding cultivar. Analysis using 50 µmol CdCl 2 treatments for 15 days resulted in a similar trend (data not shown).
Effect of Cd treatment on water content of different rice cultivars
Cd treatment led to a continuous decrease in relative water content (RWC). The decreasing followed an order that S8258 > T3028 > S17 > HA63 (P < 0.05) (Fig. 1A) . It is notable that, following a high level of Cd stress, RWC in S8258 was reduced by half after 15 days of stress, indicating the weakest tolerance to Cd for S8258. We further determined whether seedling growth was differentially affected in the four rice cultivars. As shown in Fig. 1B , S8258 was more sensitive to higher concentrations of Cd, compared with the other cultivars. It was then concluded that T3028, S17 and HA63
were the three more Cd-tolerant cultivars, compared with the S8258 cultivar.
Effects of cadmium stress on leaf respiration
To determine leaf respiration changes under Cd stress, cytochrome c pathway respiration and cyanide (CN)-resistant respiration were measured after 15 days of stress. In general, the total respiration was elevated by the Cd treatment. The cyanide-resistant respiration in all cultivars was also enhanced significantly (P < 0.05) by the mild Cd stress. HA63 had the highest respiration rate, while S8258 had the lowest respiration level (Fig. 2) . The high rate and ratio of cyanide-resistant respiration in HA63 may account for its strong tolerance to Cd stress (see Discussion for details).
Effect of Cd treatment on photosynthetic system of rice After the Cd treatment, the CO 2 assimilation rate declined in all cultivars, especially in S8258. Fv/Fm, Fv'/Fm' and Φ PSII decreased with a similar trend. However, leaf stomatal conductance was almost unchanged under the low level of Cd treatment and a little decreased under the high level of Cd treatment (Fig. 3) . These data indicated that limitation of the photosynthesis apparatus was the main reason for the decreased net photosynthesis rate (CO 2 assimilation), but the stomatal factor was not. Nonphotochemical quenching (NPQ) was elevated by the Cd treatment in all cultivars, and no difference could be found among the four cultivars ( Fig. 3) (P > 0.05). 
Effect of Cd treatment on activities of antioxidant enzymes
We measured POD, SOD, CAT, DHAR and APX activities. As shown in Fig. 4 , most antioxidant enzyme activities were significantly enhanced by the Cd treatments (at least under the mild Cd stress, P < 0.05). CAT, POD and DHAR activities in S8258 cultivar declined significantly under the high Cd condition, possibly due to the greater damages in the more sensitive S8258 cultivar. It is notable that T3028 had the highest activities of antioxidant enzymes, while S17 and HA63 had relatively high activities of antioxidant enzymes, when compared with the Cd-sensitive cultivar S8258 (Fig. 4) .
Cd induced phytochelatins accumulation
Phytochelatins (mainly PC2, detected by HPLC) (Mendoza-Cózatl et al. 2008 ) and the total glutathione were significantly enhanced by the Cd treatments (Fig. 5) (P < 0.05). T3028 contained the highest levels of phytochelatins after the Cd treatments. However, no difference could be found for the other three cultivars (P > 0.05).
Effect of Cd treatment on expression levels of ABC, PCS and YS genes
We performed real-time PCR to detect the expression levels of ABC, PCS and YS genes. No significant difference could be found for six rice ABC genes (two subfamily A genes, two subfamily B genes and two subfamily C genes) among the four cultivars (Fig. 6 ) (P > 0.05). Cd stress prompted PCS and YS gene expression. However, T3028 had the highest levels of PCS1 and PCS2 transcripts, while HA63 had the highest levels of YS1 and YS2 transcripts. The Cd-sensitive cultivar S8258 had the lowest levels of PCS1, PCS2, YS1 and YS2 transcripts (Fig. 6 ).
Discussions
Cd concentration used in this experiment was slightly higher than the one that is most commonly used in similar research. However the concentrations used here (50-250 µM) are close to the Cd content of waste water (Duan et al. 2010) . Cd stress damaged rice seedlings ap- parently after only two weeks, and could be reversed after another week in the absence of Cd. The higher concentration of Cd (over 500 µM) caused unrecoverable photobleaching and wilting in all cultivars, while an apparent injury at low concentrations of Cd (50 µM) occurred only after one month, when the effect of seedling growth can not be neglected (data not shown). Therefore, we chose the concentrations of 50-250 µM and the treatment time of 15 days to perform the experiments. Cd content of roots reflects a plant's Cd absorption efficiency. HA63 accumulated the lowest level of total Cd, but the highest levels of YS1 and YS2 transcripts. With regard to toxic concentrations of metals, an enhanced release of phytosiderophores has also been reported for many plants that were grown in the presence of Cd, and the inhibition of Cd uptake via phytosiderophore chelation has been suggested as a mechanism to protect plant roots from Cd toxicity (Hill et al. 2002; Murata et al. 2006; Aoyama et al. 2009 ). Nevertheless, Meda et al. (2007) suggested that phytosiderophores did not interfere with Cd uptake but improved Fe absorbency of plant cells during Cd stress by bypassing Cd inhibition with Fe uptake. Thus, the lowest Cd accumulation in HA63 cultivar could be explained accordingly.
Previous studies put biomass, leaf and root length as indicators of metal toxicity in plants. However, little attention was paid to respiration and photosynthesis. Previous studies demonstrated that Cd interfered with the enzymatic activities of the Krebs cycle (Smiri et al. 2009 ), mitochondrial state 3 respiration and state 4 respiration (Sokolova et al. 2005 ). Here we report that CN-resistant respiration in rice was regulated by the Cd stress. CN-resistant respiration was reported to be induced in multiple environmental stresses. It maintains stabilization of respiratory electron chain, scavenges ROS, and regulates plant growth homeostasis (Lei et al. 2008) . Siedow and his colleagues suggested that CN-resistant respiration affected the metabolism through more pervasive effects, including some that were extramitochondrial Umbach et al. 2005) . They further proposed an idea that the CN-resistant respiration, as a marker for genetic variation in cell reprogramming, yielded stability and stress resistance (Arnholdt-Schmitt et al. 2006 ). In our study, HA63 had the highest rates of CN-resistant respiration after the Cd stress, while S8258 had the lowest rates, which is consistent with their level of Cd tolerance. CNresistant respiration might be another indicator for a plant's resistance to Cd stress. T3028 had the highest accumulation of Cd in leaves (almost 30% of Cd absorbed by roots was transferred to the leaves, while for the other cultivars the translocation efficiencies were about 4-10%). Previous reports indicated that phytochelatins (PC)-Cd and glutathioneCd complexes contributed to physiologically-relevant long-distance transport of Cd between shoots and roots through xylem and phloem systems (Mendoza-Cózatl et al. 2008) . T3028 accumulated the highest levels of phytochelatins and PCS1 and PCS2 transcripts. Therefore, its relatively high level of leaf Cd can be explained. However, Cd is a highly toxic and persistent environmental poison for plants. Cd interferes with many cellular functions mainly by complex formation with side groups of organic compounds, such as proteins, resulting in inhibition of essential activities (Metwally et al. 2003 ). Thus, the higher level of Cd should cause greater damages to the T3028 cultivar. But our results showed that its Cd tolerance was relatively high, as much as HA63 or S17. Antioxidant enzyme analysis suggested that their increased activities may account as one of the reasons for high Cd tolerance. On the other hand, phytochelatins themselves may represent a major detoxification mechanism for Cd and arsenic (As) ions in various species (Tennstedt et al. 2009; Zhang et al. 2010a ). PCs may not only translocate but also detoxify the Cd ions at the same time.
Vacuolar localization of heavy-metal ions also plays an important role in naturally evolved heavy-metaltolerant plants (Chardonnens et al. 1998 (Chardonnens et al. , 1999 . ABCC, a subfamily of the ABC transporters was known to be involved in vacuolar sequestration of heavy metals (Li et al. 1997; Rea et al. 1998; Metwally et al. 2003; Eichhorn et al. 2006; Song et al. 2010) . There are 15 ABCCs in Arabidopsis and 17 ABCCs in rice (Rea et al. 1998; Song et al. 2010) . Expression of two representative rice ABCC genes was testified in this study, and no difference or apparent increase of ABCC1 or ABCC2 transcripts could be found for all cultivars during the Cd stress. Furthermore, also no difference of ABCA and ABCB transcripts could be found for the four cultivars. Thus, ABC transporters might not be implicated in Cd tolerance in the four rice cultivars. Rice contains very high basal level of salicylic acid (SA), and is about 50-300 times of other plant species (Yuan & Lin 2008) . Metwally et al. (2003) indicated that transcript levels of some ABCC transporters were modified in response to SA. Furthermore, all rice cultivars in this study have similar endogenous SA levels, which were not significantly enhanced by the Cd stress (data not shown). Therefore, ABCC transcripts don't seem to be affected accordingly in these four rice cultivars in the presence of Cd.
Based on our results we can conclude that diferent rice cultivars adopt different biochemical strategies to cope with Cd stress. HA63 reduced Cd uptake by increasing phytosiderophores, and enhancing cyanideresistant respiration during the Cd stress. T3028 prompted antioxidant enzymes and phytochelatin synthesis to adapt to the Cd stress. Due to the fact that S17 had relatively high levels of cyanide-resistant respiration, antioxidant enzymes, phytochelatins and phytosiderophores we may assume that it adopts combined strategies against Cd stress.
